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A B S T R A C T Exposure of cells to intense light with the photoactivatable reagent, 
N-(4-azido-2-nitrophenyl)-2-aminoethylsulfonate (NAP-taurine), present in the ex- 
ternal medium results in irreversible inhibition of chloride or sulfate exchange. 
This irreversible inhibition seems to result from covalent reaction with the same 
sites to which NAP-taurine binds reversibly in the dark. As shown in the preceding 
paper, high chloride concentrations decrease the reversible inhibition by NAP- 
taurine in the dark, in a manner suggesting that NAP-taurine and chloride 
compete for the modifier site of the anion transport system. In a similar fashion, 
high chloride concentrations in the medium during exposure to light cause a 
decrease in both the irreversible binding of NAP-taurine to the membrane and the 
inhibition of chloride exchange. Most of the chloride-sensitive irreversibly bound 
NAP-taurine is found in the 95,000 dalton polypeptide known as band 3 and, after 
pronase treatment of intact ceils, in the 65,000 dalton fragment of this protein 
produced by proteolytic cleavage. After chymotrypsin treatment of ghosts, the 
NAP-taurine is localized in the 17,000 dalton transmembrane portion of this 
fragment. Although the possible involvement of minor labeled proteins cannot be 
rigorously excluded, the modifier site labeled by external NAP-taurine appears, 
therefore, to be located in the same portion of the 95,000 dalton polypeptide as is 
the transport site. 

I N T R O D U C T I O N  

In the preceding paper  (Knauf  et al., 1978), it was found  by kinetic analysis that 
in the dark external NAP-taur ine appears  to inhibit red cell anion exchange 
reversibly by acting at a nont ranspor t ing  site, called the modif ier  site (Dalmark, 
1976). Inasmuch  as NAP-taur ine contains an aryl azide, which can be activated 
by light to form a highly reactive nitrene, it should be possible to use this 
c o m p o u n d  to label and thereby identify the componen t  containing the modif ier  
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site. Th i s  possibility can  only  be real ized,  howeve r ,  if it can  be shown  that  N A P -  
v taur ine  acts as a t rue  pho toa f f in i ty  label; tha t  is, i f  the  reversibly b o u n d  r eagen t  
act ivated by l ight  reacts  covalent ly with the b i n d i n g  site be fo re  dissociat ing f r o m  
it ( R u o h o  et al., 1973). I f ,  on  the o t h e r  h a n d ,  N A P - t a u r i n e  in solut ion s imply  
reacts with the  t r a n s p o r t  system by r a n d o m  collision w h e n  act ivated by l ight,  the  
sites o f  covalent  label ing migh t  be ent i re ly  d i f f e r en t  f r o m  the  sites o f  revers ible  
inhibi t ion.  

T h e  p r e se n t  c o m m u n i c a t i o n  descr ibes  e x p e r i m e n t s  de s igned  to d e t e r m i n e  
w h e t h e r  o r  no t  N A P - t a u r i n e  is a pho toa f f in i ty  label with respec t  to m e m b r a n e  
sites at which  the agen t  inhibits an ion  e x c h a n g e .  I n a s m u c h  as the reversible 
inhibi t ion in the d a r k  is dec reased  by h igh  ch lor ide  concen t r a t i ons ,  the  ef fec t  o f  
ch lor ide  on  the covalent  label ing o f  m e m b r a n e  pro te ins  by N A P - t a u r i n e  has 
also been  e x a m i n e d .  Proteolyt ic  e n z y m e s  have been  used  to def ine  m o r e  
precisely the  locat ion o f  labeled sites in the  pro te ins .  Parts  o f  this work  have  
b e e n  previous ly  p r e s e n t e d  in b r i e f  f o r m  ( K n a u f  et  al.,  1976; Roths te in  et al.,  
1977). 

M E T H O D S  

Chloride Fluxes 

Fresh blood from volunteer donors was collected by venipuncture into heparinized 
Vacutainers (Becton, Dickinson & Co., Rutherford,  N. J.) The blood was cooled on ice 
and brought  to the desired pH with CO2. The  blood was then washed three times in 165 
mM NaCI and the buffy coat was removed. 

Cells were treated with nystatin (Cass and Dalmark, 1973; Dalmark, 1975), chloride 
exchange was measured, and rate constants were determined as described in the 
preceding paper (Knauf et al., 1978). By use of  nystatin, the chloride concentration was 
varied while keeping the inside and outside chloride concentrations nearly equal, thereby 
eliminating possible effects of  changes in the chloride gradient or membrane potential. 
When cells were irradiated in the presence of  NAP-taurine, they were loaded with a6CI 
after the irradiation and washing procedure,  just before the efflux was measured. 

Sulfate Fluxes 

Sulfate and chloride appear to compete for the same transport system (Gunn, 1978; 
Passow and Wood, 1974; Cabantchik et al.1). Inasmuch as sulfate exchange occurs much 
more slowly than chloride exchange, in many experiments it was more convenient to use 
sulfate exchange as a measure of  the activity of  the red cell anion exchange system. 

Bank blood (<3 wk after collection) was washed twice in 165 mM NaC1 and the bully 
coat was removed. The cells were then washed once in a Tris-sulfate buffer consisting of  
5 mM Na2SO4, 20 mM NaC1, 200 mM sucrose, and 25 mM tris(hydroxymethyl)amino- 
methane (Tris) base, which had been titrated to pH 7.4 at room temperature with H2SO4, 
and were incubated in the same buffer at 5% hematocrit for 1 h at 37~ The suspension 
was then centrifuged at 1800 g on a Sorvall GLC-2 centrifuge (DuPont Instruments- 
Sorvall, Wilmington, Del.) and the cells were resuspended at 10% hematocrit and 
incubated at 37~ for 1 h in Tris-sulfate containing a tracer quantity ofasSO4 (Amersham/ 

Cabantchik, Z. I., P. A. Knauf, and A. Rothstein. The anion transport system of the red blood 
cell. The role of membrane protein evaluated by the use of "probes." Biochim. Biophys. Acta. In 
press. 
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Searle Corp. ,  Arl ington Heights, I11.). The  35SO~ loaded cells were washed at least three 
times in ice-cold Tris-sulfate buffer.  For  measurements  of  reversible inhibition, the 
washed, 3~SO4- loaded cells were resuspended at 5% hematocri t  in Tris-sulfate medium 
containing various concentrations of  NAP-taur ine (Pierce Chemical Co., Rockford,  I11.). 
I f  irreversible inhibition was to be measured,  the cells were i r radiated at 27-28~ in the 
presence of  NAP-taurine and washed as described in the next section on irradiat ion 
procedures .  The  3~SO4 efflux was measured at 27-28~ in Tris-sulfate medium.  Samples 
of  the suspensions were taken at various times and centr ifuged,  the time for each sample 
taken as the time at which centrifugation was started, l-ml samples of  the supernates 
were added  to 0.2 ml 30% trichloroacetic acid (TCA), and 0.8 ml of  each TCA supernate  
was added  to 8 ml of  Triton-X-100-toluene scintillation fluid (New England Nuclear,  
Boston, Mass.). Radioactivity of  the samples was de te rmined  in a Packard C2425 liquid 
scintillation spectrometer  (Packard Ins t rument  Co,, Inc., Downers Grove, Ill.). 1-ml 
samples of  the total suspension were also taken and added  directly to TCA (without 
centrifugation) for determinat ion of  the total 3zSO4 in the suspension (p(~c)). The  rate 
constant was de te rmined  by the method of  least squares from the slope of  the line 
obtained by plott ing In (p(x)/(p(zr - P(t))) vs. time as described by Knauf  et al., (1978). 
The  square of  the correlation coefficient (r 2) for the lines so obtained was almost always 
>0.99 and was always >0.97. 

Irradiation Procedure 

Unless otherwise indicated,  0.5 ml of  cells to be i rradiated were suspended in 1 ml of  
medium containing the indicated amount  o f  NAP-taurine.  For labeling exper iments ,  3~S- 
NAP-taurine,  p repared  from 3~S-taurine (Amersham-Searle  Corp.) by the method of  
Staros and Richards (1974) and purif ied as described in the preceding paper  (Knauf  et 
al., 1978), was kindly supplied by Dr. Saul Ship. The  cell suspension was placed in a 15 
• 150-mm glass tube,  which was inserted into a water-jacketed glass chamber.  Dur ing 
the irradiat ion,  the tube was held nearly horizontal and was rotated by a rotary 
evaporator  (Buchler Instruments,  Fort  Lee, N. J.).  The  chamber  contained sufficient 
water or ethanol-water mixture to wet the port ion of  the tube containing the cells, which 
was kept at the desired tempera ture  (0~ or 27~ by a Lauda K4R control led- tempera-  
ture circulator (Lauda Div., Br inkmann Instruments ,  Inc.,  Westbury, N. Y.). The  
suspension was i r radiated for 20 rain with light from a General  Electric DX8 photospot  
(General Electric Co., Schenectady, N. Y.) posit ioned 10 cm from the tube containing 
the cells. Alternatively, cells were exposed for 10 rain to light from a source constructed 
by Photochemical Research Associates, University of  Western Ontario,  consisting of  a 
General  Electric ELH projection lamp (operated at 92 V) posit ioned immediately adjacent 
to the water jacket.  In this case, 0.1 ml of  cells were i rradiated.  After  irradiat ion,  the cells 
were washed at least two times with medium containing 0.5% wt/vol bovine serum 
albumin (Sigma Chemical Co., St. Louis, Mo.) and at least once more with buffer.  

Pronase Treatment 

Cells at 33% hematocri t  were treated with freshly p repared  0.1 mg/ml pronase (Calbi- 
ochem, San Diego, Calif., lot no. 400899) for 10 min at 32~ After  pronase t reatment ,  
cells were washed three times with medium containing 0.5% albumin and then three 
times with medium to remove pronase.  

Ghost Preparation and Polyacrylamide Gel Electrophoresis 

Ghosts were p repared  from labeled cells by lysing them in 60 mosM phosphate  buffer  
and then washing once in 60 mosM phosphate  buffer  and four times in 20 mosM buffer  



634 THE JOURNAL OF GENERAL P H Y S I O L O G Y ' V O L U M E  72- 1978 

(Dodge et al., 1963). Protein was determined by the method of  Lowry et al. (1951). For 
calculations of  the number  of  molecules bound per ghost, it was assumed that each ghost 
contains 6 x 10 -1~ mg protein (Dodge et ai., 1963). Aiiquots of  the ghost suspension were 
counted for radioactivity by adding 20 /.d to 10 mi Protosol-Liquifluor-toluene (10% 
Protosol, 4.2 % Liquifluor [New England Nuclear] in toluene). Efficiency of  counting was 
determined by means of  an external standard. 

Ghosts were solubilized in sodium dodecyl sulfate (SDS) in the solution described by 
Fairbanks et al. (1971) by boiling for 3-5 mins and then incubating at 60~ for 30 rain. 
Aliquots of  the solubilizing solution were counted in Protosol-Liquifluor-toluene. Solu- 
bilized ghosts were electrophoresed in 5.6% or 7.5% polyacrylamide gels containing 1% 
SDS, fixed, and stained with Coomassie Brilliant Blue as described by Fairbanks et al. 
(1971). For determination of radioactivity, unstained gels were sliced with a scalpel blade 
and the slices were placed in scintillation vials to which 0.5 ml of  Protosol-Toluene-Water 
(9:10: l) was added. After incubation overnight at 60~ the vials were cooled and 8 ml of  
Protosol-Liquifluor-toluene was added. After incubation at 40~ for at least 8 h, and 
cooling in the dark for 3 h, the vials were counted. The results were corrected for the 
amount  of  protein added to the gels and for the gel length by dividing the number  of  
counts in each slice by the number of  micrograms of  protein added to the gel and by the 
normalized length of  the slice, l/lo, where l is the length of  the slice and lo is the distance 
from the top of  the gel to the marker dye, Pyronin Y. 

Preparation of Alkali-Treated Ghosts 

Freshly-drawn washed intact red cells at 10% hematocrit were exposed to light from the 
General Electric ELH projection lamp for 10 rain in the presence of  300/.,M asS-labeled 
NAP-taurine and washed as described above. Ghosts were prepared by lysis in 5 mM 
phosphate buffer, pH 8 (5P8) (Fairbanks et al., 1971). The ghosts were made up to a 
volume corresponding to twice the original volume of  intact cells from which the ghosts 
were made, and a sample was saved for electrophoresis. The rest of  the ghost suspension 
was incubated with ice-cold l0 mM NaOH, 0.1 mM EDTA for 5 rain at 0~ to extract 
extrinsic proteins (Steck and Yu, 1973; Grinstein et al., 1978). After one wash in 5P8, the 
pellet was brought to the original volume and a portion was used for electrophoresis. 

Chymotrypsin Treatment 

To 1 vol of  the ghost suspension was added 4 vol of  0.2 mg/ml chymotrypsin (Sigma 
Chemical Co.). The ghosts were frozen and thawed once to ensure that both surfaces of  
the membrane were exposed to chymotrypsin, and then incubated for 90 rain at 37~ 
The reaction was terminated by addition of  30 g,g/ml phenylmethane sulfonyl fluoride 
(PMSF), and the chymotrypsin-treated ghosts were then washed once with 5P8, restored 
to their original volume and used for electrophoresis. 

R E S U L T S  A N D  D I S C U S S I O N  

Criteria for Photoaffinity Labeling 

Idea l  behav io r  o f  N A P - t a u r i n e  as a pho toa f f in i ty  p r o b e  is i l lustrated in Fig. 1. 
I n  the da rk ,  the anionic  p robe  (1) is a s s u m e d  to equi l ibrate  with mod i f i e r  sites 
(2), which are  p robab ly  positively c h a r g e d ,  p r o d u c i n g  a reversible inhibi t ion 
( K n a u f  et al., 1978). T h e  reac t ion  is p r e sen t ed  as a s imple  one - to -one  b ind ing ,  
with the d e g r e e  o f  inhibi t ion d e t e r m i n e d  by the  f rac t ion o f  sites occup ied .  O n  
e x p o s u r e  to l ight,  the act ivated N A P - t a u r i n e  in solut ion (3) is a s s u m e d  to 
hyd ro lyze  (5) wi thou t  covalent  in te rac t ion  with the m e m b r a n e  sites, whereas  the  
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NAP- taur ine  reversibly bound  to the sites is a ssumed,  on activation (4), to react  
covalently (6) be fo re  it escapes.  T h e  irreversible b inding  af ter  exposure  to light 
would the re fo re  precisely reflect  the reversible b ind ing  that  existed in the dark .  
T h u s ,  the b ind ing  sites identified by kinetic analysis in the da rk  as be ing  the 
modi f ie r  sites ( K n a u f  et al., 1978), could be labeled in the light and  thereby  
localized in par t icular  componen t s .  

One  o f  the criteria which dist inguish a photoaff ln i ty  reagent  is that  in the 

| h.,[ | 

Reaction with H20 ~ A  ' ,~ ~ 

or scavengers 

NO 2 

N3"~/~/~ SO3 ~= NAP-taurine = N 3 - ~ N H  (CH 2 )2-SO3 G 

FIGURE 1. A proposed mechanism of photoaffinity labeling by NAP-taurine. In 
the dark, NAP-taurine in solution (1) can reversibly inhibit anion transport by 
binding to sites (2) which appear to be identical to the modifier sites of the 
transport system (Knauf et al., 1978), at which chloride and other halides cause a 
noncompetitive inhibition of transport. Upon exposure to light (hv) the aryl azide 
moiety of NAP-taurine loses nitrogen to form a highly reactive nitrene (3 and 4). 
In the case of  an ideal photoaffinity reagent, the activated reagent at the site (4) 
forms a covalent bond with the site (6) before it can dissociate from the site. 
Activated reagent in solution (3) reacts with water or other compounds in solution 
(5) before it can interact with the membrane. The removal of activated reagent 
from solution can be accelerated by adding scavengers to the medium which react 
readily with the photo-generated nitrene. 

da rk  its effect  is reversible,  but  a f ter  exposure  to light, i rreversible.  T h e  
reversibility in the da rk  is evident  in Fig. 2 A, B, and  C by c o m p a r i n g  the low 
level o f  t r anspor t  activity (measured  by sulfate exchange)  in the presence  o f  
NAP- taur ine  (the solid square  point  associated with the letter R on the abscissa), 
with the essentially normal  level in o the r  aliquots o f  the same cells in which the 
reversibly bound  NAP-taur ine  was r emoved  by extensive washing (O). On the 
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other  hand,  when cells were irradiated in the presence of  NAP-taur ine,  
irreversible inhibition became clearly evident in a t ime-dependent  manne r  (A). 
Appropr ia te  controls indicate that the effect is not due to the action of  light 
alone (Q). Fur the rmore ,  neither reversible nor  irreversible effects are observed 
when thoroughly  preirradiated NAP-taur ine is added  to ceils (Rothstein et al., 
1977). Thus ,  the irradiation of  NAP-taur ine  must be carried out in the presence 
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FIGURE 2. Effect of time of irradiation on the irreversible inhibition of sulfate 
fluxes by NAP-taurine. Cells were exposed to NAP-taurine or light or both for the 
times indicated on the abscissa, then washed with Tris-sulfate medium containing 
albumin. Sulfate exchange was measured as described in Methods. (O--O) NAP- 
taurine alone, no light; (O--Q) light without NAP-taurine; (& A) NAP-taurine 
present at the time of exposure to light. R ( I )  indicates the reversible inhibition 
obtained with NAP-taurine present in the flux medium in the dark. For (A) the 
value for reversible inhibition was taken from a series of nine similar experiments. 
The standard error was 1.2%. In (A-C) the light source was a General Electric 
photospot; in (D) it was a General Electric ELH projection lamp. (A) 50 t~M NAP- 
taurine, 5% hematocrit (Hct); (B) 50 ttM NAP-taurine 20% hematocrit; (C and D) 
1 mM NAP-taurine, 5% hematocrit, except for (&) which is for 10% hematocrit. 

o f  cells if an irreversible effect is to be p roduced ,  another  criterion o f  a 
photoaffini ty probe.  In  quantitative terms, if certain assumptions regard ing  the 
rates o f  photoactivation o f  bound  and free NAP-taur ine hold (see Appendix) ,  
the probe should produce  an irreversible inhibition after exposure to light that 
is o f  the same magni tude  as the reversible inhibition in the dark,  provided that 
the light-activated reaction is carried to completion.  In Fig. 2 A, at a relatively 
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low concentration of  NAP-taurine (50 /zM) and low hematocrit (5%), the 
irreversible inhibition approaches a level which is slightly greater than the 
reversible inhibition (shown by the solid square labeled R on the abscissa) after 
20-40 min of irradiation. I f  the NAP-taurine level is higher (1 mM), however, 
the conversion of  reversible to irreversible inhibition (during the same time 
period) is somewhat less complete (Fig. 2 C), presumably because of  the 
absorption of  light by the larger amount of  NAP-taurine present in the medium. 
The rate of  production of irreversible inhibition can, however, be speeded up 
by using a more intense source of irradiation (ELH projection lamp) as 
illustrated in Fig. 2 D. Another important factor that determines the rate of  the 
photo-sensitive reaction is the hematocrit. I f  the cell concentration is increased 
from 5 to 20% (as in Fig. 2 B) the rate is substantially decreased, presumably 
because the larger amount of hemoglobin in the cell suspension absorbs a larger 
portion of the available light. 

Further comparisons of reversible and irreversible inhibition are presented in 
Fig. 3 in the form of a modified Dixon plot (1 /k ,  where k is the rate constant for 
sulfate efflux, vs. the inhibitor (NAP-taurine) concentration). The solid symbols 
represent data obtained in the dark with NAP-taurine present during the flux 
measurements. As in the case of chloride (Knauf et al., 1978), the Dixon plot for 
sulfate was linear, suggesting that one molecule of NAP-taurine combines with 
each inhibitory site (Webb, 1963). The apparent K, indicated by the x-intercept 
was 53 /~M, somewhat larger than the values of K~ observed when chloride 
fluxes were measured at 0~ (Knauf et al., 1978). This is probably largely due to 
the higher temperature in these experiments, because at 37~ there is a further 
increase in K~ (data not shown).2 The open symbols represent data for irrevers- 
ible inhibition after exposure to light (20 min with photoflood) in the presence 
of NAP-taurine, followed by washing before flux measurements. For lower 
concentrations of the probe, the results are similar for reversible and irreversible 
inhibition. The small tendency toward higher inhibition in the light may simply 
reflect a slightly greater rate of photoactivation of  the bound NAP-taurine, as 
discussed in the Appendix. At higher NAP-taurine concentrations, the irrevers- 
ible inhibition is less than the reversible inhibition, probably because of  the 
filtering of the incident light by the NAP-taurine in solution, as already 
illustrated in Fig. 2 (cf. panels A and C). 

The data of Figs. 2 and 3 suggest that NAP-taurine is a good photoaffinity 
probe provided that the particular conditions allow completion of  the light- 
sensitive reaction. The rate of  the irreversible reaction is increased with higher 
light intensities and decreased with higher concentrations of NAP-taurine or of 
cells. It is essentially complete in 20-30 min with the photoflood system or 10 
rain with the projection lamp, at a hematocrit of 5% and with NAP-taurine 
concentrations < 100/zM. 

Another test for photo-affinity labeling is provided by the use of  scavengers. 
Scavengers are compounds which react with the photoactivated form of the 

2 It is perhaps not surprising that the Ki for NAP-taurine increases with temperature if it is binding 
to the modifier site, since Brahm (1977) has found that the dissociation constant for chloride at the 
modifier site also increases substantially with temperature. 
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probe  in the m e d i u m ,  thereby p reven t ing  it f r o m  react ing with the m e m b r a n e .  
I f  the molecule is b o u n d  to a par t icular  site and  u p o n  activation by light reacts 
at that  site before  dissociating f r o m  it, scavengers  should have no effect.  Ruoho  
et al. (1973) have shown that  p -aminobenzoic  acid (PABA) at 10 mM is an 
effective scavenger  for  aryl ni t renes ,  and  can almost  complete ly  abolish the 
effect  o f  a photoact ivated c o m p o u n d  resul t ing f r o m  r a n d o m  collision o f  
activated molecules in the bulk solution with the m e m b r a n e .  When  used with 
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FIGURE 3. Modified Dixon plot of reversible and irreversible inhibition of sulfate 
exchange by NAP-taurine. The reciprocal of the rate constant for 35SO4 efflux, k, 
is plotted against the NAP-taurine concentration in /xM. Inasmuch as the sulfate 
concentration in these experiments was constant, the rate constant is proportional 
to the flux of sulfate,J,  and the plot is analogous to the Dixon plot of 1/J vs. the 
inhibitor concentration. The circles and squares represent data from two separate 
experiments. The solid symbols represent the reversible inhibition with NAP- 
taurine present in the dark, whereas the open symbols represent the irreversible 
inhibition after exposure to light and extensive washing as described in Methods. 
The temperature for both fluxes and irradiation was 27-28~ The line was 
calculated by the method of least squares for the reversible inhibition data. The x 
intercept corresponds to an apparent Ki of 53 /zM. 

the anion exchange  system, PABA has the d isadvantage that  it is also a reversible 
inhibitor o f  the system, p roduc ing  68% inhibition at a concentra t ion  of  10 mM. 
It  appea r s  to compe te  with NAP- taur ine  for binding,  because it reduces  the 
reversible inhibition by NAP-taur ine  in the da rk  (Fig. 4), when its action as a 
scavenger  is i r relevant .  Despite this effect  o f  PABA, it is still possible to c o m p a r e  
the irreversible inhibition af ter  exposure  to light with the co r r e spond ing  
reversible inhibition in the presence  of  a constant  a m o u n t  of  PABA. I f  the 
irreversible inhibition were caused by photoact ivated NAP-taur ine  in the me- 
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d ium,  PABA should react with it and  p reven t  its i rreversible effect.  F rom Fig. 
4, it appea r s  that ,  if anything,  the irreversible inhibition is slightly la rger  than  
the reversible inhibit ion in the presence  o f  PABA. I t  thus seems that  reversibly 
bound  NAP- taur ine  is activated by light and  reacts at the site without  contact ing 
the PABA presen t  in the bulk solution. 

Effect of Chloride Concentration on Labeling of Membrane Components by NAP- 
Taurine 

If ,  as seems likely f rom the p reced ing  exper imen t s ,  NAP- taur ine  acts as a 
photoaff in i ty  label, the sites o f  reversible and  irreversible b inding  should be 
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FIGURE 4. Comparison of reversible and irreversible effects of NAP-taurine on 
sulfate exchange in the presence and absence of a scavenger, p-aminobenzoic acid 
(PABA). Sulfate fluxes were measured as described in Methods. For the columns 
marked D, fluxes were measured in the presence of NAP-taurine in the dark. 
When PABA was present, it was added to the flux medium and the sulfate flux is 
expressed relative to a control with PABA but without NAP-taurine. For the 
columns marked L, cells were irradiated for 20 rain by photoflood in the presence 
of NAP-taurine, with or without PABA, and then were washed as described in 
Methods to remove reversibly bound NAP-taurine and PABA. Bars represent 
standard deviations of at least three experiments except for the two rightmost 
columns, where the bars indicate the range of two determinations. 

identical. In  the accompany ing  p a p e r  (Knau f  et al., 1978), it has been  shown 
that  relatively high chloride concentra t ions  reduce  the inhibi tory effect  o f  NAP- 
taur ine ,  p resumably  by compe t ing  with NAP- taur ine  for  b inding  to the modi f ie r  
site o f  the t r anspor t  system. T o  de t e rmine  whe ther  the covalent labeling of  
m e m b r a n e  c o m p o n e n t s  was similarly sensitive to chloride,  cells were i r radia ted  
in the presence  o f  35S-NAP-taurine in media  o f  d i f fe ren t  chloride concent ra-  
tions. T h e  irreversible inhibition was measured  as well as the b ind ing  to 
m e m b r a n e  prote ins  af ter  separa t ion by SDS-polyacrylamide gel e lectrophoresis .  
As is shown in Fig. 5, the extent  o f  i rreversible inhibition was reduced  at a high 
chloride concentra t ion  (301 raM), as expected .  T h e  distr ibution o f  radioactivity 
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on polyacrylamide gels is shown in Fig. 6. As has been previously shown (Staros 
and Richards, 1974; Staros et al., 1974; Cabantchik et al., 1976; Rothstein et al., 
1977), most of  the asS-NAP-taurine (55-70%) is found  in a peak which corre- 
sponds to band 3, the 95,000 dalton polypeptide which seems to be involved in 
anion exchange.  From Fig. 6 it is also evident that the labeling of  band 3 by 
NAP-taurine is decreased at the high chloride concentrat ion roughly in parallel 
to the diminished inhibition. In  this particular experiment ,  the inhibition was 

0.6 

30t mM CI" 

oor176 

20ram CI # /  

2'o ~o ~ 8b ~o o ' ~ ' 8 ;'2 ;~ 

TIME (s) 
FIGURE 5. Irreversible inhibition of s6CI exchange by NAP-taurine at different 
chloride concentrations. Cells were equilibrated with either 20 or 301 mM chloride 
by the nystatin technique as described by Knauf et al. (1978), except that 14 mM 
Hepes (N-2-hydroxyethyl-piperazine-N'-2-ethane sulfonic acid) was substituted for 
27 mM sucrose. They were then exposed to light from a photoflood for 20 min at 
0-5~ in the presence of 53-55/zM ssS-labeled NAP-taurine. After irradiation, the 
cells were washed three times with high or low chloride buffer containing 0.5% 
albumin, and then twice with buffer alone. They were then loaded with 36C1 and 
the efflux of 3nCl was measured at pH 7.8, 0~ as described by Knauf et al. (1978). 
The amount of SnCl appearing in the supernatant is plotted in a logarithmic fashion 
(as described in Methods) vs. time, so that the slope of the line is the rate-constant 
for a6Cl exchange. Each line represents the least squares best fit to data points from 
two separate flux experiments. With 301 mM chloride present, the inhibition was 
only 40%, in comparison to 69% with 20 mM chloride. The Donnan ratio of 
internal to external chloride concentration was 0.95 with 301 mM chloride and 0.69 
with 20 mM chloride. Thus, the increased inhibition with 20 mM chloride could 
not be ascribed to an increase in the Donnan ratio (see Discussion in Knauf et al., 
1978). 

decreased f rom 69% to 40%, a reversal of  - 4 0 % ,  whereas the counts in the 
band 3 peak were reduced by 30%. The  smaller NAP-taur ine peaks to the right 
and left o f  band 3 showed little apparen t  modulat ion by high chloride concen- 
trations, but  because of  the small number  of  counts quantitation is difficult. 

To  more  precisely define the site of  chloride-sensitive NAP-taur ine binding,  
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cells exposed to light in the presence o f  different  concentrat ions of  NAP-taur ine  
and chloride were then treated with a low concentrat ion o f  pronase.  U n d e r  
these conditions, pronase causes little or  no inhibition o f  anion exchange 
(Cabantchik and Rothstein, 1974), but  band 3 is cleaved to f ragments  of  -35 ,000  
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Labeling of membrane proteins by NAP-taurine in high and low 
chloride media. Ghosts were prepared from a portion of the cells whose chloride 
fluxes are shown in Fig. 5. The ghosts were solubilized and electrophoresed on 
5.6% polyacrylamide gels, and the gels were sliced and counted as described in 
Methods. The radioactivity in each slice is presented on the ordinate as disintegra- 
tions per minute (dpm) per microgram of total ghost protein applied to the gel per 
length of the slice (see Methods). The abscissa represents the distance from the top 
of the gel (which is to the left in the figure), relative to the marker dye, Pyronin Y. 
The area under each peak is proportional to the number of NAP-taurine molecules 
bound per ghost. The major peak corresponds to the 95,000 dalton polypeptide 
known as band 3 (Fairbanks et al., 1971). 

and 65,000 daltons molecular weight (Bender  et al., 1971; Cabantchik and 
Rothstein, 1974). Approximate ly  80% o f  the NAP-taur ine  label in band 3 is 
recovered in the 65,000 dalton f r agment  (band 3'), but some of  the minor  NAP- 
taurine b inding components  are no longer  evident (Cabantchik et al., 1976). 
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FIGURE 7. Labeling of membrane proteins by NAP-taurine in high and low 
chloride media after treatment of intact labeled cells with pronase. Cells loaded 
with either 75 mM or 601 mM chloride by the nystatin method (Knauf  et al., 1978) 
were irradiated for 10 min at 0~ with light from an ELH projection lamp in the 
presence of the indicated concentrations of 3sS-labeled NAP-taurine. They were 
then washed three times in buffer containing 0.5% albumin,  and then twice in 
buffer. Pronase treatment was carried out as described in Methods, and the cells 
were then washed three times in buffer with 0.5% albumin and then three times in 
buffer without albumin.  Portions of the cells were loaded with 36C1, and chloride 
fluxes were measured as described in Methods. Ghosts were made from other 
portions of the cells and were electrophoresed on 5.6% polyacrylamide gels, sliced, 
and counted. The results are presented as described in Fig. 6. The areas under  
each peak correspond to the number  of NAP-taurine molecules bound per ghost. 
The major peak corresponds to the position of the 65,000 dalton fragment of band 
3 known as band 3'. Note that very little of the NAP-taurine remains in the region 
corresponding to intact band 3 (cf. Fig. 6). For the cells in 75 mM chloride, the 
inhibition of chloride flux was 67 %; for the cells in 601 m M chloride it was reduced 
to 54%. The Donnan ratios were 1.05 and 0.96 for the cells in 75 and 601 mM CI-, 
respectively; the pH was 7.2 at 0~ 
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T h e  p ronase - t r ea ted  cells were extensively washed and  ghosts f rom these cells 
were e lec t rophoresed  on SDS-polyacrylamide gels. T h e  results for  the highest  
NAP- taur ine  concent ra t ion  used are  shown in Fig. 7. T h e  p r e d o m i n a n t  peak  o f  
labeling, with 55% o f  the total, was the 65,000 dal ton f r agmen t ,  band  3' .  T h e  
rest o f  the label was dis t r ibuted t h r o u g h o u t  the gel. In  the presence  o f  high 
chloride (601 mM),  the a m o u n t  o f  NAP- taur ine  in band  3' was substantially 
reduced .  

U n d e r  the condit ions o f  these exper imen t s ,  in which internal  and  externa l  
chloride concent ra t ions  are nearly the same,  the effects o f  chloride on NAP- 

!'~176 
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NAPAaurine bound (molecules per ceil x 10 "6 ] 

FIGURE 8. Relationship between chloride exchange rate and binding of NAP- 
taurine to pronase-treated ghosts and to band 3'. Cells were treated as described in 
Fig. 7. The number of NAP-taurine molecules per ghost (open symbols) was 
calculated from the radioactivity and the protein in samples of ghosts, assuming 6 
x 10 -1~ mg protein per ghost. On this basis the number of sites might be slightly 
overestimated, because pronase treatment removes a small amount (<10%) of the 
membrane protein (Bender et al., 1971). The number of molecules bound to band 
3' (closed symbols) was calculated by multiplying the fraction of the total counts in 
the gel slices which are in band 3' by the number of molecules of NAP-taurine per 
ghost. The squares refer to experiments with 75 mM chloride; the circles refer to 
experiments with 601 mM chloride. Lines were calculated by the method of least 
squares. 

taur ine  labeling are  p robab ly  due  to compet i t ion  for  a c o m m o n  binding  site. In  
previous  expe r imen t s  (Rothstein et al., 1976; 1977) in which only externa l  
chloride was var ied,  the inhibi tory effect  o f  NAP- taur ine  was changed  to a 
g rea te r  degree  than  would be expec ted  f rom such a direct  compet i t ive effect.  
As discussed in the p reced ing  p a p e r  ( K n a u f  et al., 1978), this observat ion may 
be a t t r ibuted to effects o f  the chlor ide gradient  on the accessibility o f  the 
modif ier  site. U n d e r  these c i rcumstances  the b ind ing  of  NAP- taur ine  to band  3 
(Rothstein et al., 1976) or  to band 3' (Rothstein et al., 1977) was also affected by 
the change  in chlor ide concent ra t ion ,  in parallel with the effects on the 
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inhibitory potency of NAP-taurine. This provides further evidence that band 3' 
is the site at which NAP-taurine binds and inhibits anion transport. 

The  binding of NAP-taurine to the ghosts and to band 3', as modulated by 
CI- and NAP-taurine concentrations, both showed a reasonably linear relation- 
ship to the degree of  inhibition (Fig. 8). The square of  the correlation coefficient 
(r e ) for the total binding was 0.945 and the total number of  sites associated with 
100% inhibition was 1.6 • 106, similar to the value of 1.4 x 106 obtained earlier 
with cells which had not been exposed to pronase (Cabantchik et al., 1976). If  
only binding to band 3' was considered, however, (the lower line in Fig. 8), the 
correlation was improved (r 2 = 0.960) and the number of sites was considerably 
less (9.0 • 10~). This number is not very different from the number of  DIDS 
binding sites in band 3' per cell (1-1.2 • 106, Lepke et al., 1976; Ship et al., 
1977), and is similar to the number of  band 3 monomers (1.16 z 106, Fairbanks 
et al., 1971), suggesting that most of the band 3 monomers are involved in 
transport and that one NAP-taurine molecule binds to each monomer.  

Inasmuch as the total binding to the membrane and the binding to band 3' 
both correlate well with inhibition of transport,  it is clear that the total non-band 
3' binding must also be correlated to some extent with inhibition of anion 
exchange. Although this is true for the total, when the binding to each of the 
individual regions of  the gel, particularly the minor peaks, was plotted against 
the fractional chloride exchange, the correlation was much poorer  than in the 
case of band 3'. The  values of r 2 ranged from 0.472 to 0.844. Thus,  although 
these data do not rule out the possible participation of any of  these minor peaks, 
it seems most probable that the chloride-sensitive NAP-taurine binding site 
associated with inhibition of  anion exchange is located in band 3'. 

Further evidence concerning the site of  NAP-taurine binding is presented in 
Figs. 9 and 10. When intact cells were labeled with 300 /~M 35S-labeled NAP- 
taurine and ghosts from these cells were electrophoresed on 7.5% polyacryl- 
amide gels, the distribution of  radioactivity shown in Fig. 9 A was obtained. The 
pattern is essentially similar to that seen on 5.6% gels in Fig. 6. As shown in Fig. 
10 A and A', however, on 7.5% gels it is possible to more clearly distinguish the 
PAS-1 band (glycophorin), stained with the periodic acid-Schiff technique, from 
band 3. Most of  the radioactivity is associated with band 3, and only a small 
shoulder (<7% of the total radioactivity) corresponds to the major glycoprotein, 
with a mobility from 0.25 to 0.28. 

Treatment  of  the labeled ghosts with 10 mM NaOH and 0.1 mM EDTA 
removes many of  the extrinsic ghost proteins (Steck and Yu, 1973), as illustrated 
in Fig. 10 B, but there is little change in the labeling pattern (Fig. 9 B), except 
that the labeling at high molecular weight in the mobility range near 0.1, which 
corresponds mainly to band 2.1 (Staros and Richards, 1974), is removed along 
with the corresponding Coomassie Blue stained band. This protein thus appears 
to be less tightly associated with the membrane than are the other components 
labeled by external NAP-taurine. In the case of the alkali-stripped ghosts, even 
less labeling (<4%) can be attributed to glycophorin. 

As discussed above, band 3 can be cleaved by external pronase to yield band 
3'. This can be further  cleaved by protease treatment at the inside of  the 
membrane to yield a 41,000 dalton soluble fragment and a 17,000 dalton 
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Separat ion of  NAP-taurine labeled membrane  proteins on 7.5% poly- FIGURE 9. 
acrylamide gels: effects of  alkali s t r ipping and chymotrypsin t reatment .  Intact 
fresh red cells were labeled with 300 gM 35S-labeled NAP-taurine as described in 
Methods. After  washing with buffer  containing 0.5% albumin,  ghosts were 
p repared  from the cells. Some of  the ghosts were extracted with alkali and treated 
with chymotrypsin as described in Methods. After  each t reatment  (NaOH extrac- 
tion or chymotrypsin),  the washed pellet was made up to the original weight of  the 
ghost suspension with 5P8. Samples of  these suspensions were solubilized in SDS 
and were appl ied to 7.5% polyacrylamide gels. The  abscissa represents  the distance 
from the top of  the gel relative to the marker  dye, Pyronin Y. The  ordinate  
represents  the number  of  disintegrations per  minute (dpm) of  ~nS per  normalized 
length of  the slice (see Methods). In this case, the disintegrations per  minute were 
not normalized for the amount  of  ghost protein appl ied to the gel. Rather,  to each 
gel was applied an amount  of  ghost suspension cor responding  to 33 #1 of  packed 
intact cells ( -3 .7  • 10 8 cells), assuming complete recovery of  the ghosts at all stages 
of  t reatment .  The  peak areas after t reatment  thus represent  a minimum estimate 
of  the recovery of  label. (A) Ghosts from intact labeled cells; (B) alkali-str ipped 
ghosts; (C) chymotrypsin treated,  alkali-str ipped ghosts. 
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t r ansmembrane  segment  (Steck et al., 1976). T h e  41,000 dalton N-terminal  
segment  seems to be entirely on the inside o f  the membrane  based on its 
solubility behavior  (Steck et al., 1976; 1978). Thus ,  the only par t  o f  band 3' 
which should be labeled by external  NAP-taur ine  is the 17,000 dalton f ragment .  
This 17,000 dalton f ragment  can be genera ted  directly by t rea tment  o f  alkali- 
s t r ipped ghosts with chymotrypsin .  As shown in Fig. 10 C, this results in 
conversion o f  most of  band 3 to a f ragment  of  ~17,000 daltons molecular  
weight, with mobility of  ~0.7.  After  chymotryps in  t rea tment ,  over  70% of  the 
band 3 labeling in str ipped ghosts (Fig. 9 B) is recovered  in this f r agment  (Fig. 
9 C). On this basis it seems that the modif ier  site labeled by external  NAP- 
taurine is located in this 17,000 dal ton t r ansmembrane  segment.  Because this 
f ragment  has already been shown to contain the DIDS binding site (Grinstein et 

FIGURE 10. Coomassie Blue- and periodic acid-Schiff-stained proteins separated 
on 7.5% polyacrylamide gels, showing the effects of alkali stripping and chymo- 
trypsin treatment. Coomassie Blue-stained proteins: (A) ghosts; (B) alkali-stripped 
ghosts; (C) chymotrypsin-treated, alkali-stripped ghosts. Periodic acid-Schiff stain- 
ing: (A') ghosts; (B') alkali-stripped ghosts. The top of the gel is to the left in each 
case; the black line near the right hand end of the gel represents the migration 
distance of the marker dye, Pyronin Y. The same amounts of the same ghost 
suspensions were applied to the gels as in Fig. 9. 

ai., 1978), which appears  to be the substrate site (Shami et al., 1978), and because 
the segment  seems to be fully capable of  suppor t ing  anion t ranspor t  (Grinstein 
et al., 1978), the present  findings would indicate that all o f  the known sites of  
the t ranspor t  system are located in this f ragment .  As fu r the r  analysis o f  the 
peptides comprising this segment becomes possible, it will be of  interest  to 
examine the relat ionship between the substrate site (labeled by DIDS) and the 
modif ier  site (labeled by external  NAP-taurine) .  These  two functionally related 
sites are not only present  in the same segment  of  band 3, but  may be closely 
associated in a geographic  sense. Both sites are accessible to probes f rom the 
outside u n d e r  conditions of  minimal penet ra t ion ,  so both are presumably 
located in that port ion of  the 17,000 dalton segment  that is exposed at the 
external  face o f  the membrane .  Fu r the rmore ,  DIDS bound  to the t ranspor t  site 
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largely  p reven t s  the  b i n d i n g  o f  N A P - t a u r i n e  to b a n d  3 and  rec iprocal ly  N A P -  
t au r ine  b o u n d  to the  m o d i f i e r  site largely  p reven t s  the b i n d i n g  o f  D I D S  to b a n d  
3 (Roths te in  et al.,  1976; Caban tch ik  et al.,  1976). This  f i nd ing  can be readi ly  
exp la ined  if  the  two sites are  ad jacent ,  since the  b i n d i n g  o f  a bulky  an ion  to one  
site cou ld  p r e v e n t  the  b i n d i n g  o f  a n o t h e r  large  an ion  to the  second  site by steric 
h i n d r a n c e .  I t  m u s t  be kept  in m i n d ,  howeve r ,  tha t  the  mu tua l  i n t e r f e r ence  
cou ld  also be exp l a ined  by an  allosteric p h e n o m e n o n  in which  the  b i n d i n g  o f  a 
p r o b e  to o n e  site wou ld  dec rease  the  b i n d i n g  aff ini ty  o f  a second  site, at s o m e  
dis tance.  

A P P E N D I X  

PHILIP  A. KNAUF 

The reversible interaction of  NAP-taurine (N) with membrane transport sites (S) to form 
an NS complex can be described by the equation: (N).(S)/(NS) = K~, where Ki is the 
apparent  dissociation constant for NAP-taurine at the site. I f  the irreversible inhibition 
by NAP-taurine is supposed to occur by rapid and complete reaction of  the photoacti- 
vated compound at the site, and if m is the rate of  photoactivation, then: 

d(NSe) m(N). (St - NSe) 
- -  - m(NS)=  , (1) 

dt K~ + (N) 

where St is the total number  of  sites, and NSc represents sites which have reacted 
covalently with NAP-taurine. I f  the NAP-taurine in solution is photoactivated and reacts 
to form a compound which does not bind to the site, and k is the rate of  photoactivation, 
then the concentration of  unreacted NAP-taurine in solution, (N), as a function of  time 
is given by: 

(N) = No exp (-kt) ,  (2) 

where N o is the NAP-taurine concentration at time zero. Substituting Eq. 2 into Eq. 1 and 
integrating, we obtain: 

(NSc) _ ( 1 - (K~ + No exp (-kt))ml~ (~) 

which, for long irradiation times (as t approaches infinity) is: 

St = \ Ki + No] j (4) 

For the simplest case, where the rates of  photoactivation of  the bound and free NAP- 
taurine are identical (m = k), Eq 4 reduces to: 

(NS~) No 
St K~ + No" (5) 

I f  the fraction of  occupied sites, (NSc)/St, is equated with the fractional inhibition, it can 
be readily seen that the irreversible inhibition is exactly the same as the reversible 
inhibition under  the same conditions, which would be given by: 

(NS) No 
S-"~- = K~ +----~o" (6) 
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If  photoactivation at the binding site occurs more rapidly than in solution (m > k), then 
the irreversible inhibition will be greater  than the reversible inhibition. This might 
happen ,  for example ,  if cells coating the walls of  the reaction vessel received more 
exposure  to light than did the bulk NAP-taurine in solution. The  exper imental  data for 
50/zM NAP-taurine suggest that m is slightly larger than k, inasmuch as the irreversible 
inhibition is slightly (9 %) but significantly (P < .02) higher  than the reversible inhibition. 
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